Highly virulent strains of Mycoplasma mycoides subsp. mycoides SC belonging to the African cluster contain an operon with the genes gtsA, gtsB, and gtsC, encoding membrane ATP binding cassette transporter proteins GtsA, GtsB, and GtsC, which are involved in glycerol transport. Strain Afadé from the African cluster incorporated [U-
Mycoplasma mycoides subsp. mycoides small-colony type (SC) is the etiological agent of contagious bovine pleuropneumonia (CBPP), a severe, highly contagious disease of cattle that has drastic economical and socioeconomic consequences (16, 39) . The disease was eradicated in the middle of the 20th century in the industrialized continents, but it reemerged in Europe in the last two decades in a milder, more insidious form with a low mortality rate (30) . Genetic typing methods using insertion elements IS1296 and IS1634 revealed two distinct clonal lineages of M. mycoides subsp. mycoides SC, one containing strains from the reemerging European outbreaks and the other containing isolates from the African and Australian continents (14, 18, 44) . Differences between strains of the European and the African-Australian clusters of M. mycoides subsp. mycoides SC were also evidenced serologically by detection of lipoprotein LppB exclusively in strains of the African-Australian cluster (43) . Controlled differential experimental infections of cattle showed that strain L2, a representative strain of the European cluster isolated from the recent reemerging outbreaks, was significantly less virulent than the African strain Afadé (1) . This confirmed the observations from outbreaks of CBPP in Africa and in Europe by Nicholas et al. (30) and showed that the difference in virulence of CBPP was due to differences of the strains.
In spite of the high pathogenicity of M. mycoides subsp. mycoides SC and the enormous losses of livestock production caused by this mycoplasma worldwide, its virulence factors are virtually unknown. This is also true for other pathogenic mycoplasmas and is due to the difficulties encountered in microbiology and genetics of mycoplasmas. So far, no classical virulence factors such as toxins or invasins have been found in mycoplasmas, as revealed by the full genomic sequences of two species of this organism (17, 21) . This might be due to their extremely small genome, leading mycoplasmas to a drastic economization in genetic resources, which are reduced to essential functions of life (34, 35) . Mycoplasmas seem therefore to adopt endogenous structural and metabolic functions as virulence effectors to cause disease (42) . Thus, membrane lipoproteins of several pathogenic mycoplasmas have been suggested as possible virulence factors due to their capability to induce blastogenesis and secretion of proinflammatory cytokines in vitro (11, 19, 33) . Furthermore, the formation of active metabolic intermediates such as hydrogen peroxide (H 2 O 2 ) (15, 23, 28, 29, 38) , galactan (13, 25) , adhesins (9, 24) , and variable surface-located membrane antigens (4, 46) has been suggested as a potential virulence attribute of mycoplasmas. Despite these many proposals, the impact of H 2 O 2 on virulence is not clear (27) , and direct comparative genetic evidence explaining the basic differences between highly virulent and moderately virulent strains of M. mycoides subsp. mycoides SC is still lacking. Moreover, no tools for efficient gene transfer systems and genetic complementation experiments are available for this pathogen.
Because of their parasitic mode of life, mycoplasmas must acquire macromolecular precursors and high-energy compounds such as sugars from their environment in order to safeguard their life cycle and to produce active metabolic intermediates. For this reason, a significant number of mycoplasmal genes (about 30%) are devoted to adhesins and transporter proteins (34) . Among the latter, ATP-binding cassette (ABC) transporters, which are membrane proteins ubiqui-tously present from bacteria to humans, are involved in the active ATP-dependent transport of a broad variety of compounds, ranging from inorganic ions to large polypeptides (20) . These transporters are proteins that are built from combinations of conservative domains like the ATP-binding ABC units and membrane-bound regions. These membrane proteins normally function as transport ATPases, by hydrolyzing ATP in combination with transporting their substrate molecules through cellular or intracellular membranes. The recently discovered major genetic difference between highly virulent African strains and significantly less virulent European strains of M. mycoides subsp. mycoides SC, which consists of an 8.84-kb chromosome segment present uniquely in African-Australian strains (43) , revealed several open reading frames (ORFs) for potential ABC transporters. We present the genetic basis for an efficient glycerol uptake system consisting of three ABC transporters encoded on the genes gtsA, gtsB, and gtsC and propose a biochemical pathway involved in the production of H 2 O 2 . Its potential role in virulence of M. mycoides subsp. mycoides SC is discussed.
MATERIALS AND METHODS
Strains, growth conditions, and DNA extraction. The isolates of M. mycoides subsp. mycoides SC used in this study were strain L2 (isolated recently by our laboratory from pathological lung material of a cattle with CBPP, received from F. G. Santini, Teramo, Italy) as a representative of the European cluster and strain Afadé (isolated in Chad from a bovine from Northern Cameroon in 1969 and received from F. Thiaucourt, CIRAD-EMVT, Montpellier, France) as a representative of the African-Australian cluster (14) . Mycoplasmal cultures were made in a standard medium (8) to a density of 10 8 to 10 9 cells/ml. Crude lysate preparations with GES buffer (5 M guanidium thiocyanate, 100 mM EDTA, 0.5% N-lauroylsarcosine) and DNA extraction were performed as previously described (14) .
Southern blot analysis. Genomic mycoplasmal DNA was digested with HindIII, separated electrophoretically on a 0.7% agarose gel, and transferred to a positively charged nylon membrane (Boehringer Mannheim, Rotkreuz, Switzerland). The membrane was briefly rinsed with 1ϫ SSC (150 mM NaCl, 15 mM sodium citrate [pH 7.7]), and DNA was denatured at 80°C under vacuum for 30 min (5). The membrane was preincubated with 10 ml of hybridization buffer, consisting of 5ϫ SSC, 0.02% sodium dodecyl sulfate (SDS), 0.1% N-lauroylsarcosine, and 1% blocking reagent (Boehringer Mannheim), at 68°C for 2 h and then hybridized with 5 ml of hybridization buffer, containing 3 l of digoxigenin-11-dUTP (DIG)-labeled probe, for 15 h at 68°C. The membrane was then washed twice for 5 min at room temperature with 2ϫ SSC containing 0.1% SDS and twice for 15 min at room temperature with 0.2ϫ SSC containing 0.1% SDS. The hybridized DIG-labeled probes were detected using phosphatase-labeled anti-DIG antibodies (Boehringer Mannheim) as described in the producer's protocol.
Sequencing strategies and gene cloning. DNA sequence analysis of segments adjacent to the locus involving the 8.84-kb deletion in European-cluster strains of M. mycoides subsp. mycoides SC was performed using the Vectorette II System (Genosys Biotechnologies, London, United Kingdom). This system is based on a unidirectional PCR approach. The previously determined DNA sequence of the 3,414-bp HindIII fragment (GenBank accession number AF165134) from strain L2 (43) was used to design specific primers. Briefly, genomic DNA from Afadé was digested with BamHI and ligated to Vectorette units. Thereafter, unidirectional PCR amplification using one primer specific for the Vectorette unit and primer ORF0-S3 (5Ј-TTTGGCATCAAGTGCTGAAAATGGTTCATC-3Ј), matching bases 3149 to 3178 of AF165134, produced a fragment of about 8 kb, which was then sequenced with primer ORF0-S (5Ј-TCTTTGTTTTTGAC CACCAG-3Ј), matching bases 3227 to 3246. From this new sequence, another oligonucleotide primer, ORF0-rev (5Ј-ATTCAAAATGAGTTAAACAAGC-3Ј), was designed and used with primer ORF0-S2 (5Ј-CCACCAGATAACTGG TTAAC-3Ј), matching bases 3240 to 3259 of AF165134, to produce a DIGlabeled ORF0-specific probe of 323 bp from the genomic DNA of Afadé (Fig. 1) .
To complete the sequence of ORF0, genomic HindIII fragments of M. mycoides subsp. mycoides SC strain L2 were cloned into vector pBluescriptII SK(Ϫ) (Stratagene, La Jolla, Calif.) and reacted by colony screening using the ORF0-specific probe by standard methods (5) . Plasmid DNA of the positive colonies was isolated using the QIAprep spin plasmid kit from Qiagen AG (Basle, Switzerland), digested with HindIII, and further verified by Southern blot hybridization with the ORF0-specific probe. Plasmid pJFFev1.5-L2(MP2.2), containing a 1.5-kb HindIII insert with the 5Ј part of ORF0, was retained and sequenced. Double-stranded nested deletion, using exonuclease III (Pharmacia Biotech, Uppsala, Sweden), was carried out as specified by the manufacturer. The subclones obtained were sequenced with a DNA Sequenator AB310 and the Taq Dye Deoxy Terminator cycle-sequencing kit (Perkin-Elmer, Norwalk, Conn.), using primers matching the T3 and T7 promoters of the vector and primers progressively derived from sequenced segments. Production of monospecific rabbit antibodies against the glycerol uptake system and immunoblot analysis. To produce polyclonal antibodies against the peptides encoded on the 3Ј-terminal part of ORF2 or on ORF3, which are absent in the genome of European strains (43) , their derived amino acid sequences were analyzed to deduce the best antigenic segment(s) for immunization. A peptide segment of 25 amino acids from the C terminus of the glycerol transport protein GtsB (ORF2) was calculated to have the best antigenicity and hydrophilicity score, using the software ProtScale (http://www.expasy.ch/cgi-bin/protscale.pl) (7) and TMpred (http://www.ch.embnet.org/software/TMPRED_form.html) (22) . Monospecific, polyclonal antibodies directed against the 25-amino-acid GtsB-derived peptide 1002 (IKSIYKLIKKVILKNRGKYESKNNN; synthesized by E. Servi, Laboratoire des Peptides, Université de Lausanne, Lausanne, Switzerland) were obtained by immunizing rabbits with 500 g of GtsB peptide 1002 in 500 l of 0.85% (wt/vol) NaCl mixed with 500 l of Freund's complete adjuvant (Difco Laboratories, Detroit, Mich.) followed by a booster immunization with the same amount of protein in Freund's incomplete adjuvant (Difco Laboratories) 3 weeks later. The animals were bled 10 days after the booster immunization. Antiserum 89-d32 was prepared from the blood samples and stored at Ϫ20°C. The production of monospecific polyclonal rabbit antibodies directed against lipoprotein LppB was described previously (43) .
Immunoblot analysis with antiserum 89-d32 (at a dilution of 1:1,000) was carried out by standard methods (5), using SDS-polyacrylamide gel electrophoresis (10% polyacrylamide) PAGE for separation of the proteins and phosphataselabeled conjugate goat anti-rabbit immunoglobulin G (heavy plus light chains) (Kirkegaard & Perry Laboratories, Gaithersburg, Md.; catalogue no. 075-1506) at a dilution of 1:5,000.
Time-dependent glycerol-and G3P uptake assays. Measurements of timedependent glycerol or L-␣-glycerophosphate (G3P) incorporation into cellular material of M. mycoides subsp. mycoides SC strains L2 and Afadé were carried out with radioactive substrates as described elsewhere (12, 28, 40) . Briefly, 70-ml mycoplasmal cultures of both L2 and Afadé, grown to a density of 10 8 to 10 9 cells/ml in standard medium (8) , were centrifuged at 12,000 ϫ g for 10 min and the cell pellets were washed and resuspended in 30 ml of isotonic HEPES buffer (67.6 mM HEPES [pH 7.3], 140 mM NaCl). Cell suspensions of 1.2 ml were then adjusted to an optical density at 550 nm (OD 550 ) of 1.0. After starvation for 1 h at 37°C, the isotonic buffer was adjusted to 6 mM G3P, 570 nM [U-14 C]G3P (from a stock of 147 mCi/mmol; Amersham International plc, Little Chalfont, United Kingdom), 9 mM ATP, and 7 mM MgCl 2 for G3P uptake. For glycerol uptake, the isotonic buffer was adjusted to 20 M glycerol, 280 nM [U- 14 C]glycerol (from a stock of 149 mCi/mmol, Amersham International plc), and 7 mM MgCl 2 . Aliquots of 200 l were vacuum filtered at different time intervals (30 s, 1 min 45 s, 3 min, 4 min 15 s, and 5 min 30 s), and filters (pore size, 0.22 m; Millipore, Bedford, Mass.) were washed immediately with HEPES buffer and finally counted in a scintillation counter. It has to be noted that a minor amount of incorporated glycerol is not measured in this assay since it is catabolized and excreted by the bacteria.
Kinetic studies for glycerol uptake in Afadé. Concentration-dependent glycerol incorporation into cellular material of M. mycoides subsp. mycoides SC strain Afadé was measured as described above. After starvation of the cells for 1 h at 37°C in the isotonic buffer, the final glycerol concentration was adjusted to 0, 2, 5, 10, 20, 50, 100, or 200 M in eight different samples, using a 14 C-labeled/ unlabeled glycerol molar ratio of 1:357, and 7 mM MgCl 2 (final concentration) was added. Aliquots of 200 l were vacuum filtered after 4 min, and incorporation of 14 C-glycerol was measured as above. Inhibition assays with anti-GtsB serum 89-d32 (at a dilution of 1:100) were performed by preincubating cells with the antibodies for 15 min at 37°C prior to addition of the substrate. As a control, preimmunization serum from the same rabbit was used.
Quantification of H 2 O 2 production. Measurements of time-dependent H 2 O 2 production in M. mycoides subsp. mycoides SC strains L2 and Afadé were carried out using the Merckoquant peroxide test (Merck KgaA, Darmstadt, Germany), which has a detection range of 0.5 to 25 g of H 2 O 2 per ml of solution. Briefly, 30-ml mycoplasmal cultures of both L2 and Afadé, grown to a density of approximately 10 8 cells/ml (8) , were centrifuged at 12,000 ϫ g for 10 min and the cell pellets were washed and resuspended in 10 ml of isotonic HEPES buffer containing 7 mM MgCl 2 . From each strain, two cell suspensions of 1.0 ml were adjusted to an OD 550 of 1.0. After starvation for 1 h at 37°C, the isotonic buffer of one sample was adjusted to 100 M glycerol while the buffer of the other sample was kept without glycerol. At different time intervals, ranging from 5 s to 20 min, the test strips were dipped into the suspensions for 1 s and subsequently read.
Assessment of hemolytic activity. Mycoplasma strains L2 and Afadé were grown on PPLO agar plates containing 5% washed sheep erythrocytes (8) . Cultures were incubated both aerobically and anaerobically at 37°C for 72 h. The incubations were performed in the absence or in the presence of 1 mM glycerol in the growth medium. Hemolysis was estimated as described below.
Nucleotide sequence accession number. The EMBL/GenBank accession number for the nucleotide sequence of the operon of 3,169 bp for the glycerol transport system, consisting of gtsA, gtsB, and gtsC, from M. mycoides subsp. mycoides SC strain Afadé, is AF251037.
RESULTS
Sequence analysis of the operon for three ABC transporters in M. mycoides subsp. mycoides SC. Cloning and DNA sequence analysis of a genetic locus, specific to the virulent African-cluster strains of M. mycoides subsp. mycoides SC, revealed an operon structure of 3,169 bp containing three ORFs, ORF0, ORF2, and ORF3, which are partially overlapping. These ORFs are preceded by a consensus sequence for a Ϫ10 signal box of a prokaryotic transcription promoter and are followed by a sequence which can form a hairpin structure with a ⌬G of Ϫ9.1 kcal/mol, representing a potential rho-independent transcription termination signal (Fig. 1 ). ORF0 encodes a peptide of 406 amino acids (aa) with a calculated molecular mass of 47.5 kDa. It is preceded by a canonical ribosome binding sequence 16 bp upstream of the ATG start codon. ORF0 contains three mycoplasma-specific UGA Trp codons. It is followed by ORF2, which encodes a 342-aa peptide with a calculated molecular mass of 39.8 kDa. ORF2 overlaps ORF0 by 23 bp and contains three UGA Trp codons. It is followed by ORF3, encoding a peptide of 269 aa with a molecular mass of 31.6 kDa. ORF3 overlaps ORF2 by 23 bp and contains seven UGA Trp codons. In contrast to the African strain Afadé, the European strain L2 has a truncated operon with only an intact ORF0 and a partial ORF2. The AϩT content of the 3.17-kb segment is 80.5%, reflecting the AϩT-rich genome characteristic for mycoplasmas.
A comparison of the amino acid sequence of ORF0, ORF2, and ORF3 with the complete EMBL/GenBank database for search of related sequences was performed using the National Center for Biotechnology Information BLASTP program (3). ORF0 was found to be very similar (28% identical and 50% similar amino acids) to a hypothetical ABC transporter from M. genitalium, MG187, assumed to be involved in the G3P transport system. ORF2 has 25% identical and 44% similar amino acids to the probable ABC transporter MG188 from M. genitalium, and ORF3 has 24% identical and 48% similar amino acids to MG189, another hypothetical ABC transporter of M. genitalium (17) .
Using ScanProsite software (http://www.expasy.ch/tools/ scnpsit1.html), the protein encoded by ORF0 revealed an ATP/GTP binding-site motif A (P-loop) at aa 48 to 55 and an ABC transporter family signature at aa 213 to 227. ORF2 and ORF3 did not show particular features for ABC transporters. However, TMpred software (http://www.ch.embnet.org/ software/TMPRED_form.html) predicted that ORF2 and ORF3 consist each of six transmembrane domains.
Expression of the ABC transporter protein in M. mycoides subsp. mycoides SC. To assess the ABC cassette protein encoded on ORF2, total antigen preparations of M. mycoides subsp. mycoides SC strain Afadé (African cluster) and strain L2 (European cluster) were analyzed on immunoblots using monospecific polyclonal antibodies from rabbit serum 89-d32 directed against synthetic peptide 1002 derived from a strong antigenic C-terminal domain of the ORF2 amino acid sequence designated GtsB. The analysis revealed that serum 89-d32 reacted with a 40-kDa peptide, which has the predicted molecular mass of the GtsB protein in strain Afadé. In addition, a slightly weaker reaction to a 32-kDa peptide, which might be a degradation product of the 40-kDa protein, was detected in strain Afadé (Fig. 2) . In contrast, no protein reacting with serum 89-d32 was found in the European-cluster strain L2 (Fig. 2) , as expected from the absence of GtsB in this strain (Fig. 1) , providing further evidence that the 40-kDa protein corresponds to GtsB. As a control, immunoblots made with the same antigens, which were reacted with a serum from a cow experimentally infected with strain Afadé (1), showed the integrity of the antigen preparations. Moreover, further control blots were reacted with anti-LppB (43), which revealed the characteristic 70-kDa band only in strain Afadé (Fig. 2) . These results proved that GtsB (ORF2) (and, by implication, ORF0 and ORF3) is expressed in the African strain Afadé of M. mycoides subsp. mycoides SC and further showed the absence of this transporter system in the European strain L2.
Analysis of glycerol and G3P uptake. Due to the similarity of ORF0, ORF2, and ORF3 to the putative G3P uptake genes MG187, MG188, and MG189 of M. genitalium (17), we performed time-dependent measurements of both G3P and glycerol (a precursor of G3P in glycolysis and fatty acid and phospholipid metabolism) incorporation into M. mycoides subsp. mycoides SC strains L2 and Afadé (Fig. 3) . The results clearly showed that both the African strain Afadé and the European strain L2 had no active G3P uptake (Fig. 3A) and hence the peptides encoded by ORF0, ORF2, and ORF3 seemed not to be involved in G3P transport. In contrast, the African strain Afadé showed a prominent active transport of glycerol (Fig.  3B) . This uptake was absent in L2. The European strain showed only a weak linear incorporation of glycerol, probably due to passive diffusion into cells (26, 36) . The absence of active glycerol transport in the European strain L2 (which lacks ORF2 and ORF3) gave the first evidence that the three ORFs ORF0, ORF2, and ORF3 might be involved in glycerol uptake. We have therefore designated the genes corresponding to these ORFs gtsA, gtsB, and gtsC (glycerol transport system) and have named their respective gene products GtsA, GtsB, and GtsC.
Inhibition of glycerol uptake upon preincubation with a specific antiserum. To obtain direct evidence on the impact of GtsB (ORF2) on glycerol transport of strain Afadé of M. mycoides subsp. mycoides SC, kinetic studies were performed in the absence and in the presence of rabbit serum 89-d32 (diluted 1:100) directed against the C-terminal end of GtsB. The concentration-dependent glycerol uptake in strain Afadé followed a typical Michaelis-Menten model of enzyme kinetics (Fig. 4) . The rate of the reaction was considered to be the number of picomoles of glycerol incorporated into 10 9 cells during the uptake. Untreated cells showed a glycerol uptake with a K m of 59 M and a V max of 22,700 pmol. Preincubation of the cells with antiserum 89-d32 did not alter the K m value of glycerol uptake (57 M) but reduced the V max by about 60% to 13,700 pmol. A control experiment using cells preincubated with serum taken from the same rabbit prior to immunization with peptide 1002 did not significantly alter the glycerol uptake (V max , 19,900 pmoles) (Fig. 4) . Hence, GtsB and consequently GtsA and GtsC are ABC transporter proteins effecting active glycerol uptake in M. mycoides subsp. mycoides SC. Blocking GtsB with antibodies directed against its C-terminal domain results in a noncompetitive inhibition (unaffected K m but lowered V max ) of the glycerol uptake.
Production of H 2 O 2 as a consequence of glycerol uptake and metabolism. In view of the highly efficient glycerol uptake system encoded by gtsABC, H 2 O 2 , a product of the metabolism of glycerol, was expected to be accumulated and then released by M. mycoides subsp. mycoides SC. We therefore measured H 2 O 2 production in the presence of glycerol by the African strain Afadé of M. mycoides subsp. mycoides SC and compared it with that produced in the European strain L2, which is devoid of the glycerol uptake system. As shown in Fig. 5 , strain Afadé released large amounts of H 2 O 2 after addition of glycerol but not in the absence of glycerol, while, in contrast, strain L2 produced only small amounts of H 2 O 2 after addition of glycerol. This minor production of H 2 O 2 was attributed to passive diffusion of glycerol through the mycoplasma membrane, followed by its metabolization. These results indicate that the highly efficient glycerol uptake system encoded by gtsABC in strain Afadé and probably also in the other strains of the African cluster is responsible for the release of large amounts of H 2 O 2 . Our data suggest that this release is absent in European-cluster strains due to the lack of the gtsB and gtsC genes of the glycerol uptake system. M. mycoides is known to be a hemolytic mycoplasma (15) . Assessment of the hemolytic activity of strains Afadé and L2 of M. mycoides subsp. mycoides SC on solid medium containing sheep erythrocytes showed a significantly stronger hemolytic activity of strain Afadé when grown on medium supplemented with 1 mM glycerol under aerobic conditions than when grown on medium without glycerol supplementation or grown under anaerobic conditions (Table 1 ). Our data suggest that the hemolytic activity of the African strain is to a large extent due to H 2 O 2 production. The European strain L2, in contrast, showed only weak hemolytic activity independent of glycerol supplementation and aerobic growth conditions.
DISCUSSION
Although it is over 100 years since the causative organism of CBPP was discovered (31), the effectors which are responsible for the high virulence of M. mycoides subsp. mycoides SC are still not well understood. The current knowledge of the significantly lower virulence of strain L2, representative of the European cluster of M. mycoides subsp. mycoides SC, compared to strain Afadé, representative of the African cluster (1) , led us to analyze the biochemical functions encoded on the genetic locus which differentiates the two clusters (43) . This locus represents a 8.84-kb segment which is present only in strains of the African-Australian cluster and is deleted in strains isolated in Europe from the reemerging outbreaks since 1980. We have recently reported that this segment contains a gene encoding lipoprotein LppB, which is found only in African-Australiancluster strains, in addition to a copy of insertion element IS1634 (43) . Moreover, at one extremity this locus contains an operon encoding three potential ABC transporter proteins.
The present work revealed the role of these three ABC transporters, named GtsA, GtsB, and GtsC, in the glycerol uptake of M. mycoides subsp. mycoides SC. This uptake mechanism seems to be specific to the highly pathogenic strains of the African-Australian cluster. The three genes gtsA, gtsB, and gtsC showed characteristics of a polycistronic prokaryotic operon. They were preceded by a single typical Ϫ10 box of prokaryotic promoter sequences, but no Ϫ35 box could be found, similarly to most other mycoplasmal genes. In addition, all three ORFs, gtsA, gtsB and gtsC, overlap each other and show only one putative ribosome binding site upstream of gtsA. However, we have demonstrated the expression of gtsB by the use of antibodies raised against a synthetic peptide derived from the C-terminal amino acid sequence of GtsB. This suggested that the three genes on the gtsABC operon are expressed by a mechanism that seems to be confined to mycoplasmas. It should be noted that the analogous locus found in M. genitalium is also composed of three overlapping ORFs, MG187, MG188 and MG189 (17) . Kinetic analysis and inhibition experiments with antibodies directed against GtsB, one of the components of this heterotrimeric ABC transporter system, revealed its function in glycerol uptake. However, it was functional only in African-Australian-cluster strains of M. mycoides subsp. mycoides SC, since European strains lack the entire gtsC gene and part of gtsB.
Glycerol may enter mycoplasmas by passive diffusion (26, 36) and eventually by a putative glycerol uptake facilitator gene (glpF) product, as is found in M. genitalium (17) . However, the amount of glycerol that can be taken up by these two systems must be considerably smaller than that incorporated by the active uptake system specified by GtsABC. It is known that mycoplasmas lack hexokinase, which is essential for the first step in the glycolytic pathway (32) . This absence is balanced by the presence of a sugar phosphotransferase, which catches sugars from the environment and phosphorylates them directly during import into the cell. Thus, the absence of G3P incorporation in M. mycoides subsp. mycoides SC, even in African strains which actively transport glycerol, was not striking. ABC transporters such as the newly discovered GtsA, GtsB, and GtsC function as transport ATPases. They hydrolyze ATP and sequester a phosphate group. Therefore, by analogy to the above-mentioned sugar phosphorylation, we assume that the phosphate group sequestered from the ABC transporters GtsA, GtsB, and GtsC can be transferred to glycerol during its transport in M. mycoides subsp. mycoides SC across the cellular membrane by ABC transporter itself, thus preventing the inability to import G3P. In our model (Fig. 6 ), G3P is obtained by concomitant phosphorylation of glycerol during active transport and is then metabolized further, accompanied by massive release of H 2 O 2 . A glycerol kinase activity has been reported for M. mycoides (45) , but direct evidence for the existence of a gene analogous to the putative glycerol kinase gene glpK of M. genitalium (17) is still lacking.
During active infections, mycoplasmas need to scavenge for macromolecular precursors from host cell membranes and intracellular pools. This is a possible explanation for the finding that mycoplasmas are rich in ABC transporters (10, 17, 21) . These membrane proteins allow the organism to live in a drastic parasitic mode. M. mycoides subsp. mycoides SC does not have known genes coding for primary virulence factors such as toxins or invasins. Several reports suggested that H 2 O 2 , which is released by certain mycoplasmas, is a powerful mediator of cell injury (2, 23, 28, 41) . The observed difference in O 2 consumption in the presence of glycerol was the only biochemical difference known between African and European strains, and was suggested to play a role in their different degrees of virulence (23). We have directly measured H 2 O 2 production in representative European and African strains of M. mycoides subsp. mycoides SC in the presence and absence of glycerol and were able to demonstrate a direct relation to hemolytic activity, which was found to be pronounced only in strains of the African-Australian cluster grown in glycerol-enriched medium but not in European-cluster strains. Correlation between hemolytic activity and H 2 O 2 production in mycoplasmas was already proposed in the 1960s (15, 37) . Our results showed that strains of M. mycoides subsp. mycoides SC that are impaired in glycerol uptake have lost nearly the entire capacity for H 2 O 2 production and have lost almost all their hemolytic activity. H 2 O 2 is assumed to damage the host by either directly impairing tissue cells or inducing gene expression in the host, e.g., proinflammatory genes via activation of NF-B (6) . At this point it should be noted that mycoplasmal infections generally cause immunopathological symptoms. Thus, the inability of European M. mycoides subsp. mycoides SC strains to actively transport glycerol may limit their pathogenic oxidative damage FIG. 4 . Kinetic measurements for the glycerol uptake in strain Afadé. Strain Afadé was grown to the logarithmic phase, washed, and starved for 1 h at 37°C in isotonic buffer. The cells were then preincubated for 15 min at 37°C with no serum (control) (F), rabbit preimmune serum (E), or anti-GtsB serum 89-d32 (s). Serial concentrations (range, 0 to 200 M) of glycerol with a labeled/unlabeled glycerol molar ratio of 1:357 were added, and incubation at 37°C was continued for another 4 min. Thereafter, the aliquots were immediately filtered and the filters were counted in vials containing scintillation cocktail. The graph depicts the picomoles of glycerol incorporated in 10 9 cells. A Lineweaver-Burke plot for the estimation of the kinetic parameters is shown in the inset. The data are the mean of three independent measurements. by H 2 O 2 production and could explain the reduced morbidity and mortality of CBPP in Europe. Glycerol is metabolized via G3P oxidase (␣-GPO) in a reaction which yields 1 mol of H 2 O 2 per mol of G3P oxidized. This previously led to speculations that the lack of the H 2 O 2 -producing enzyme ␣-GPO was responsible for the reduced pathogenicity of some M. mycoides subsp. mycoides SC strains (28, 45 ). The present work shows, however, that the lack of H 2 O 2 production by certain strains of M. mycoides subsp. mycoides SC such as the European-cluster strains was due to the lack of an active glycerol uptake system encoded on the gtsABC operon. Summarizing, our results show that the Australian-Africancluster strains of M. mycoides subsp. mycoides SC are able to import glycerol, a precursor of H 2 O 2 while the less virulent European cluster strains are devoid of this function, due to a deletion in the operon encoding the glycerol uptake system. Although the present results do not permit a direct comparison of isogenic strains and complementation experiments which are technically not possible in this mycoplasma species, we conclude that the lack of H 2 O 2 production in the European cluster could be one of the reasons for its lower virulence. Consequently, the highly efficient glycerol uptake system allowing the production of H 2 O 2 , which damages host cells, might be a potential virulence attribute of M. mycoides subsp. mycoides SC.
